Recent reports suggest that early sensing of soil water stress by plant roots and the concomitant reduction in stomatal conductance may not be mediated by root-sourced abscisic acid (ABA), but that other xylem-borne chemicals may be the primary stress signal(s). To gain more insight into the role of root-sourced ABA, the timing and location of the expression of genes for key enzymes involved in ABA biosynthesis in Zea mays roots was measured and a comprehensive analysis of root xylem sap constituents from the early to the later stages of water stress was conducted. Xylem sap and roots were sampled from plants at an early stage of water stress when only a reduction in leaf conductance was measured, as well as at later stages when leaf xylem pressure potential decreased. It was found that the majority of ABA biosynthetic genes examined were only significantly expressed in the elongation region of roots at a later stage of water stress. Apart from ABA, sulphate was the only xylem-borne chemical that consistently showed significantly higher concentrations from the early to the later stages of stress. Moreover, there was an interactive effect of ABA and sulphate in decreasing maize transpiration rate and Vicia faba stomatal aperture, as compared to ABA alone. The expression of a sulphate transporter gene was also analysed and it was found that it had increased in the elongation region of roots from the early to the later stages of water stress. Our results support the suggestion that in the early stage of water stress, increased levels of ABA in xylem sap may not be due to root biosynthesis, ABA glucose ester catabolism or pH-mediated redistribution, but may be due to shoot biosynthesis and translocation to the roots. The analysis of xylem sap mineral content and bioassays indicate that the anti-transpirant effect of the ABA reaching the stomata at the early stages of water stress may be enhanced by the increased concentrations of sulphate in the xylem which is also transported from the roots to the leaves.
Introduction
Plant roots grow and function in a highly heterogeneous and dynamic soil environment. As a consequence of the stresses imposed by this variable environment, plant roots have evolved specialized functions that enable them to maintain the supply of required nutrients and water to the plant under many different conditions. Importantly, plant roots act as sensors of the soil environment and early warning detectors of many rhizosphere stresses (Jackson, 1997) . One of the most common and widespread of these stresses is soil moisture deficit or drought. Both intermittent and prolonged water stress can have severe implications for plant growth, productivity, and survival and therefore root sensing of water availability is an important function of plant roots (Davies et al., 2000) . The manner by which plant roots sense water stress and communicate this to the rest of the plant is an expanding area of research, particularly given the importance of agronomic crops grown in areas with marginal rainfall throughout the world Neumann, 2008) .
One of the first physiological responses that result from root sensing of soil drying is a decrease in leaf stomatal conductance. Stomata regulate leaf diffusive conductance in order to balance CO 2 uptake for assimilation with transpirational water loss, and also help facilitate water movement throughout the xylem, metabolite fluxes, long-distance signalling, and leaf cooling (Lawson, 2009) . Therefore understanding the factors that control stomatal movement is crucial because the rates of water uptake by roots and loss from leaves, and the rate of carbon uptake for photosynthesis, affect plant productivity and survival under water-limited conditions. Stomatal function appears to be regulated by multiple signals in response to perturbations in both the soil and aerial environment, but there is little agreement in the literature regarding the mechanism(s) by which stomata sense such perturbations (Buckley, 2005) . In response to a decrease in soil moisture, for instance, it has been argued that either chemical signals (reviewed by Schachtman and Goodger, 2008) or hydraulic signals (Christmann et al., 2007) are transported in the xylem sap from the roots to leaves and there act to close stomata. A number of studies on plants subjected to water stress have shown that leaf conductance decreases prior to changes in leaf water potential (Gollan et al., 1986; Goodger et al., 2005) , therefore, it appears likely that chemical signals are being transported from the roots, at least in the early stages of water stress.
The identity of such chemical signals continues to be a matter of debate. It is generally assumed that the plant hormone ABA is the most likely candidate for such a signal and numerous experimental approaches have supported the involvement of ABA in root to shoot signalling (reviewed by (Davies et al., 2005; Wilkinson and Davies, 2002) . Nevertheless, the assumption that ABA is the primary xylem-borne signal at the whole plant level has largely been inferred from work at the level of the stomata themselves. Extensive work on intra-and inter-cellular signalling has shown that ABA is the key signal mediating structural changes in the guard cells and the epidermal subsidiary cells that form the stomatal complex (Schroeder et al., 2001; Buckley, 2005; Lawson, 2009) . At the cellular level increased concentrations of ABA have been shown directly to induce the efflux of potassium and anions in guard cells leading to a loss of turgor and the concomitant reduction in stomatal aperture (Assmann and Shimazaki, 1999; Blatt, 2000; Zhang and Davies, 1990; Ng et al., 2001) . The signalling pathway for ABA-induced stomatal closure at the cellular level is relatively well characterized and involves a complex array of multiple signalling compounds (Li et al., 2006) .
In contrast, the chemical signalling pathway from roots to stomata is poorly understood and research has often focused exclusively on ABA in the xylem sap (with the exception of its interaction with pH as championed by Wilkinson and co-workers; (Wilkinson, 1999; Wilkinson et al., 2007) . Indeed, the role of ABA as the primary longdistance signal produced by water-stressed roots and transported in xylem sap to the stomata has continually been challenged over the last two decades. One of the first significant challenges arose from experiments using wheat subjected to water stress in which xylem sap ABA concentrations were determined to be much lower than the concentrations of exogenous ABA required to close stomata in detached leaves (Munns and King, 1988) . Since then, the results of a number of studies have suggested that ABA may be produced in greater amounts in the leaves, compared with the roots, of water-stressed plants. For example, the amount of ABA synthesized in detached roots of broad beans exposed to water stress was approximately 30-times lower than that synthesized in leaves of waterstressed plants (Qin and Zeevaart, 1999) . In addition, nondestructive imaging of Arabidopsis plants exposed to water stress revealed that increases in leaf ABA concentration occurred up to 8 h prior to increases in root ABA (Christmann et al., 2005) . Similarly, other researchers have found that the ABA acting on guard cells may be produced in the leaves of species such as tomato (Jones et al., 1987) and sunflower (Fambrini et al., 1995) .
The hypothesis that the ABA acting on stomata is produced by leaves of plants under water stress was further supported by the use of reciprocal grafts between roots and shoots of wild-type or ABA-deficient Arabidopsis (Christmann et al., 2007) and tomato (Holbrook et al., 2002) mutants, where subsequent measurement of leaf responses to water stress indicated that stomatal closure was not dependent on ABA production by the roots. Recent work on Arabidopsis subjected to water stress has cast further doubt on the role of root-produced ABA as the key long-distance signal (Ikegami et al., 2009) . Ikegami et al. (2009) found endogenous ABA concentrations increased in both the leaves and the roots when intact whole plants were subjected to drought stress. However, when detached leaves and roots were independently subjected to water stress, an increase in ABA was observed only in the leaves. The results of these studies indicate that the ABA acting on guard cells is produced in the leaves of Arabidopsis subjected to water stress. This suggests that other chemical signals must be produced at the early stages of water stress by roots and these initiate ABA biosynthesis in the leaves.
Numerous substances other than ABA have been identified in xylem sap and many of these have been implicated to a greater or lesser degree in root to shoot signalling under conditions of water stress. These putative signals include phytohormones such as cytokinins and jasmonic acid, pH, inorganic ions, organic acids, sugars, proteins, peptides, and a number of unidentified substances (reviewed by Schachtman and Goodger, 2008) . As found at the cellular level with stomata, the signalling pathway of xylem sap may be complex and involve many of these substances acting in concert with ABA as root to shoot signals of soil water deficit. For example, root-produced cytokinins are clearly involved in responses to nutrient deprivation (Schachtman and Shin, 2007) and could possibly be important in water stress responses due, in part, to their production mainly in roots (Sakakibara, 2006) . Moreover, in a previous study on maize, the concentration of the aromatic cytokinin 6-benzylaminopurine in xylem sap was shown to increase significantly in plants subjected to water stress (Alvarez et al., 2008) . Several studies suggest that other xylem-borne factors such as pH and nitrate (Wilkinson, 1999; Wilkinson et al., 2007) or jasmonic acid (Mahouachi et al., 2007) may be required to act synergistically with ABA to facilitate stomatal closure under water stress. In addition, the functional significance of plant metabolites such as proteins (Alvarez et al., 2006) and peptides (Neumann, 2007) found in the xylem sap of stressed plants and small RNAs similarly found in phloem sap (Buhtz et al., 2008) remains largely unknown.
It is still unclear whether water stress-induced ABA biosynthesis in the roots has a major role in generating the root-to-shoot signal (Sauter et al., 2001) . If root-sourced ABA is a key signal involved in root to shoot signalling of soil water deficit, then ABA must be rapidly biosynthesized in root tissues that have detected soil drying. Relatively little is known about the biosynthesis of ABA in roots under any conditions, and particularly under water stress. It is known that ABA synthesis does occur in roots as well as leaves (Thompson et al., 2007) , and root ABA content has been well correlated with both soil moisture and the relative water content of roots in a number of plant species (Liang and Zhang, 1997; Zhang et al., 1987) . Grafting experiments using tobacco have shown that ABA is produced from the roots under conditions of water stress (Borel et al., 2001 ), but it is unclear whether this amount is sufficient to act as the xylem-borne signal to stomata. A key enzyme involved in water stress-inducible ABA production appears to be the enzyme 9-cis-epoxycarotenoid dioxygenase (NCED; Thompson et al., 2007) , but changes in the genes controlling ABA biosynthesis in roots that have been subjected to water stress have not been elucidated.
In addition, little is known about the precise location of ABA biosynthesis in roots. The location of ABA synthesis is important because it may influence how roots perceive and monitor soil water availability. It has been reported that synthesis of ABA occurs in root tips (Zhang and Tardieu, 1996) , whereas a study using detached roots of pea and asian dayflower suggested ABA biosynthesis occurred somewhere between the root tip and 3 cm distal to the tip (Zhang et al., 1987) . The question of the site of ABA biosynthesis has mainly been addressed by measuring ABA content, which does not take into account ABA translocation throughout root tissues (Freundl et al., 2000; Schraut et al., 2005) . More work examining the expression of the genes for ABA biosynthesis and biosynthetic enzyme activity is required to clarify where ABA is produced in roots under water stress.
The aim of this study was to examine if ABA is rapidly biosynthesized in the roots of plants subjected to water stress or if there is indeed validity to the aforementioned hypothesis that ABA biosynthesis is predominantly in the leaves of water-stressed plants and that other chemicals are involved in the early signalling of soil water deficit via the xylem. Firstly, the aim was to determine the timing of expression of the genes for some of the key enzymes involved in ABA biosynthesis in roots of maize plants subjected to water stress and to localize this expression by comparing root tips with the region distal to the tips. A system was used that enables sampling of root xylem sap and roots from plants responding to the early stage of water stress with a reduction in leaf conductance, as well as at the later stages when leaf xylem pressure potential also decreases. Given that ABA biosynthesis in roots may not be the initial xylem-borne signal produced by roots sensing soil water deficit, a comprehensive analysis of mineral and organic xylem sap constituents was also conducted from the early to the later stages of water stress. Finally, based on these results, the interaction of the likely candidates with ABA was tested for their ability to induce stomatal closure in both detached leaf and epidermal peel bioassays.
Materials and methods

Plant material and growth conditions
Maize (Zea mays L. cv. FR697) plants were grown with elongated mesocotyls to facilitate xylem sap extraction as previously described by Goodger et al. (2005) . Seeds of maize were sown into pots (115 mm diameter, 410 mm height, and 4.26 dm 3 capacity) containing Fafard Mix 51 soil (Fafard Company, Agawam, USA). Pots were watered daily to field capacity with nutrient solution containing 0.78 g l À1 Peters Professional 21-7-7 Acid Special (The Scotts Company, Marysville, USA) supplemented with 0.38 g l À1 KCl. Supplemental iron was supplied to the soil by the addition of Sprint 330 Iron chelate (Becker Underwood, Inc., Ames, USA) 7 d after sowing (DAS) after which plants were sprayed daily with 82 lM ferric citrate until commencement of the water stress treatment (15 DAS). Plants were grown in a controlled-environment chamber (Conviron, Winnipeg, Canada) with a day/night temperature of 26/18°C, RH of 45%, under a photoperiod of 16 h and a light intensity of 815 lmol m À2 s À1 . Water was withheld from half of the pots from 15 DAS.
Measurement of leaf parameters
Leaf stomatal conductance (g s ) was measured on the abaxial surface of leaf four (avoiding major veins) for 12 plants from each treatment 6 h into the photoperiod each day using an AP4 steadystate porometer (Delta-T Devices, Cambridge, UK). Just prior to sap collection, the xylem pressure potential of leaf four from each plant was determined using a Scholander pressure chamber (Soil Moisture Equipment Corp., Santa Barbara, USA).
Xylem sap extraction and sap analyses
In two replicate experiments, xylem sap was extracted from cohorts of 10-15 well-watered (WW) and water-stressed (WS) plants on each of three days corresponding to seven, 10, and 12 d after water was withheld (22, 25, and 27 DAS, respectively). Each plant was de-topped 0.5 cm below the mesocotyl-shoot junction and each pot containing the roots and exposed mesocotyl was placed in a custom-built pressure vessel (CHPT Manufacturing, Delaware, USA) as previously described by Goodger et al. (2005) . The rate of exudation from the mesocotyl was increased by application of pressure to the root to 0.7 MPa for 7.5 min on day 7 of water stress, and to 0.8 MPa for 15 min on days 10 and 12 of water stress. All sap samples were frozen immediately after sampling and stored at -80°C until analysed. Sap analyses were performed using the same methods previously described by Goodger et al. (2005) .
Root collection and RNA extraction
Root sections for RNA extraction were collected from a set of WW and WS plants that were not used for sap collection on days 7, 10, and 12 of water stress. This set showed identical response to water stress as compared with the plants that were used for xylem sap collection. The terminal 6 cm of root apices were excised from the bottom 7.5 cm of each pot. The terminal 1 cm of root tips were excised and processed separately from the remaining 1-6 cm root segments. Roots were harvested in a dark room with low levels of green light and were frozen in liquid N 2 immediately after excision. RNA was extracted from frozen root tissue (1-2 g) using 1:1 (v/v) mix of extraction buffer (100 mM LiCl, 1.0% SDS, 100 mM TRIS-HCl, pH 7.5, 100 mM EDTA, 1.0% 2-mercaptoethanol), and phenol at pH 4.8. RNA was precipitated with 1/3 volume 8 M LiCl, overnight at 4°C. RNA was resuspended in 1 ml 0.1 mM EDTA and residual DNA was removed from samples using the DNA-free Kit (Ambion, Austin, USA).
Quantitative real-time PCR analysis
For quantitative real-time PCR analysis (qRT-PCR), purified total RNA was transcribed using an Invitrogen SuperScript III First Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, USA) according to the manufacturers' instructions. The cDNA was then used for quantitative real-time PCR. Assays were performed in a Bio-Rad Icycler and relative quantitations of gene expression were calculated using the DCP method (Pfaffl, 2001) , and the stringent P value of 0.01 was employed to analyse expression changes. The primers used for the ABA biosynthesis genes were CME kinase 5#-GCA AGC -CT CGG TTG CTG ACT G-3# (forward) and 5#-TTG TCT TGT GAA CAA TCC CCG CC-3# (reverse); carotenoid isomerase 5#-GAT GGC TGA GAA CAC TTG CAT AGG ACG-3# (forward) and 5#-GTT TGC CC-TGG CAT CCC TAA TTA CAG AG-3# (reverse); vp14/NCED 5#-GGC TTC CAC GGC ACC TTC ATC AC-GGG C-3# (forward) and 5#-CGG GGA ACT GAT CTG GGC TCC CTC TGG-3# (reverse); Aldehyde oxidase aao3 5#-GCC CAA ACA C-A GCG AAA GCA TAG A-T CCA GC-3# (forward) and 5#-CGC TCC TCG CAG TTC CTG AGT TCC CC-3# (reverse); Aldehyde oxidase aao6 5#-CAC CCA CCC TCA TGC CCA TGT A-3# (forward) and 5#-GTG CTT CGT CTC CCA TCA TCG G-3# (reverse); and molybdenum cofactor (Moco) sulphurase 5#-CGG CAG GTG TAC TTT GGG CAA A-3# (forward) and 5#-CGG GGT CCT GAT TCG GTC ACT CAG-3# (reverse). The primers used for b-glucosidase genes were b-glucosidase gi50918079 5#-CTC GTC CAA GTT CGG CAT CGT CTA CGT GG-3# (forward) and 5#-CCG TGC TCA GGC TCG GCT CTG GAG ATC-3# (reverse); and b-glucosidase gi435313 5#-GGG GCC TCA TGA TGT GGG TGC AGC C-3# (forward) and 5#-GAG TAT G-C CTC CAG AAC CTC TCG TGG CGG-3# (reverse). The primer used for the ABA insensitive gene was VP1/ABI3 5#-GCG TCA GCA GAG CGG GAA GCA G-A CG-3# (forward) and 5#-CCC AAC ATT CAC AAC AGA CGC ACG CCG-3# (reverse). The primers used for the sulphate transporter gene was sulphate transporter 5#-CAC AGG TGG TGG ACA-GGG TAG GAC AGG AC-3# (forward) and 5#-GCA TAC TCA ACA TGC GAG AGC TGT GCC C-3# (reverse). The reference gene primer was b-tubulin 5#-GTA CCG CGC TC-TCA CCG TGC-3# (forward) and 5#-ACG GAA CAT AGC AGA TGC CGT GA-3# (reverse).
Transpiration rate bioassay Maize (FR697) seeds were pre-germinated overnight in 1.0 mM CaCl 2 and planted in sterilized Fafard Mix 51 soil. Plants were grown for 13 d in the growth chamber as described above. The artificial sap used for the bioassays contained 15 mM KNO 3 , 1 mM CaCl 2 , 0.7 mM MgSO 4 , and 1 mM (NH 4 ) 2 HPO 4 , pH to 5.0 with H 3 PO 4 . These salt concentrations were chosen to correspond to those observed in the xylem sap of WW maize seedlings (FR697) in previous experiments (Goodger et al., 2005) . Leaves of uniform size (leaf 2) were excised and the distal portion sealed in a vial of artificial sap (5 ml) using a rubber stopper. The leaves were weighed every 20 min over an 80 min period to establish a basal rate of transpiration. After 80 min, the leaves were transferred into new tubes of artificial sap with added ABA and/or MgSO 4 . The leaves were equilibrated for 60 min and then weighed every 20 min for the following 100 min. Transpiration values were normalized as a percentage of the initial basal rate of transpiration for each leaf. Assays were conducted in a controlledenvironment chamber (Conviron, Winnipeg, Canada) ) at 25°C for 2-3 h beginning 3 h or 4 h into the daily photoperiod. To test the effects of MgSO 4 on ABA-induced stomatal closing, leaf fragments were transferred to the same buffer used above with or without added 15 mM MgSO 4 , and treated with various concentrations of ABA ([6]-cis,trans-ABA; Sigma-Aldrich, St Louis, USA) for 1 h under white light. Then, abaxial epidermal pieces were peeled and stomatal apertures measured using an eyepiece micrometer.
Statistical analyses
One-way ANOVA was used to compare xylem sap constituents or gene expression between WW controls and WS treatments at each sampling day using SPSS version 17.0 (SPSS Inc., Chicago, USA). One-way ANOVA was also used to compare control and treatment data from the bioassays.
Results
Characterization of physiological responses to increasing water stress
Stomatal conductance and leaf xylem pressure potential were measured as indicators of chemical and hydraulic signals transported from roots of maize plants subjected to water stress. After 7 d of withholding water, a significant decrease was observed in mean stomatal conductance in water-stressed plants (Fig. 1a) , indicative of the perception of the early stage of water stress by roots and the likely transport of chemical signals to the leaves. The difference in mean stomatal conductance between the water-stressed treatment and well-watered control plants continued to increase as water stress was prolonged to 10 d and then to 12 d. By contrast, the mean xylem pressure potential between control and water-stressed plants was not significantly different 7 d after water was withheld, but was significantly lower in the water-stressed plants 10 d and 12 d after water was withheld (Fig. 1b) , indicative of hydraulic changes that were manifest in plants subjected to prolonged water-stress.
Xylem sap ABA and pH changes in response to increasing water stress
The mean ABA concentration in the root xylem sap extracted from water-stressed plants was significantly higher than that of control plants 7, 10, and 12 d after water was withheld (Fig. 2a) . The sap of water-stressed plants contained twice as much ABA as control plants by day 7 of water stress (WW mean 6SE¼0.1560.00 lM; WS¼0.3260.02 lM), 10 times as much at day 10 (WW¼0.2060.07 lM; WS¼2.260.8 lM) and a remarkable 76 times as much by day 12 of water stress (WW mean 6SE¼0.1460.01 lM; WS¼10.762.6 lM). Significant alkalinization of the xylem sap of water-stressed plants was detected only after 12 d of water stress (Fig. 2b) .
ABA biosynthesis gene expression in roots subjected to increasing water stress
The expression of three genes encoding proteins involved in the early steps of ABA biosynthesis (CME kinase, caratenoid isomerase, vp14/NCED) and three involved in the later steps (aldehyde oxidases aao3 and aao6, molybdenum cofactor sulphurase; see Endo et al., 2008) were studied using qRT-PCR. The gene expression study was performed separately for two regions of maize roots collected from control plants and those subjected to water stress for 7, 10, or 12 d: The region of the root containing the meristematic (0-1 cm distal from the root tip) and the elongation region (1-6 cm distal from the root tip). After 7 d of water stress, no significant difference in gene expression was observed for any of the examined genes between either root region (Fig. 3) . After 10 d of water stress, the meristematic region showed significantly greater expression of CME kinase whereas the elongation region showed significantly greater expression of aldehyde oxidase aao3. After 12 d of water stress, significant gene expression increases were observed in the elongation region of water-stressed roots for all ABA biosynthesis genes examined, except for aldehyde oxidase aao6 which showed significantly increased expression in the meristematic region (Fig. 3) .
Xylem sap compositional changes in response to increasing water stress
Analysis of the mineral ions in the root xylem sap of control and water-stressed plants at the onset of stomatal response to water stress (day 7), found that concentrations of sulphate and chloride were significantly increased whereas that of phosphate was significantly decreased (Fig. 4) . Notably, the concentration of sulphate in the sap of water-stressed plants continued to increase significantly as water stress was prolonged to 10 d and 12 d (Fig. 4) . By contrast, despite an initial increase, the chloride concentration in the sap of water-stressed plants significantly decreased by day 12 of water stress whereas no difference could be detected for phosphate beyond day 7 of water stress. The other mineral ions analysed generally showed significant changes in xylem sap concentration only after prolonged water stress. For example, the concentrations of nitrate, potassium, ammonium, and sodium decreased significantly after 12 d of withholding water, whereas the concentration of magnesium and calcium significantly increased from 10 d of water stress (Fig. 4) . Similarly, the organic acids in the xylem sap of water-stressed plants showed significant concentration increases after prolonged water stress and this increase was particularly pronounced for malate at day 12 (Fig. 4) .
ABA and sulphate interactions in transpiration and stomatal aperture bioassays
The only xylem-borne ion consistently to show significantly higher concentrations from 7 d after withholding water was sulphate. Therefore bioassays were used to study the effect of sulphate on stomata and its possible involvement in ABA-induced closure directly. Firstly, the transpiration rate of detached maize leaves was measured using artificial xylem sap containing MgSO 4 , ABA or both at concentrations comparable to that found in the xylem sap of intact plants after 7 d of water stress (Fig. 4) . The addition of 0.3 lM ABA, but not 2 mM MgSO 4 , significantly reduced the transpiration rate compared with the control (Fig. 5a) . Remarkably, the subsequent addition of both 0.3 lM ABA Fig. 3 . Fold change in gene expression for the early (CME kinase, caratenoid isomerase, vp14/NCED) and later (aldehyde oxidase aao3, aldehyde oxidase aao6, molybdenum cofactor sulphurase) steps of ABA biosynthesis for water-stressed Zea mays plants relative to well-watered controls. Two regions of roots were analysed: the meristematic region (0-1 cm distal to the root tip; open bars) and the elongation region (1-6 cm distal to the root tip; open bars) 7, 10, and 12 d after water was withheld. Significant differences in expression between the two regions of the root for each day are indicated as *P <0.05; **P < 0.01, ***P < 0.001. and 2 mM MgSO 4 resulted in an even greater decrease in transpiration rate, suggesting that there may be an interactive effect of ABA and sulphate on stomata (Fig. 5a ). Because the ABA concentration in xylem sap increased as water stress was prolonged to 10 d and 12 days (Fig. 2) , the transpiration rate bioassay was repeated using a higher concentration of ABA (1 lM) with the concentration of MgSO 4 held at 2 mM (Fig. 5a) . A decrease was observed in transpiration rate as the ABA concentration was increased from 0.3 lM to 1 lM. Moreover, at both concentrations of ABA, the addition of 2 mM MgSO 4 resulted in further decreased transpiration (Fig. 5a) . In order to assess if the observed reduction in transpiration rate was a direct result of the effect of ABA and sulphate on stomata, a stomatal aperture bioassay was performed using epidermal peels of Vicia faba leaves. In contrast to the maize transpiration rate bioassay, the sole application of 0.3 lM ABA or as high as 15 mM MgSO 4 did not have a significant effect on Vicia stomatal aperture (Fig. 5b) . However, when 0.3 lM ABA and 15 mM MgSO 4 were added together, a significant decrease in stomatal aperture was observed. As with the transpiration rate bioassay, the use of 1 lM ABA alone decreased stomatal aperture and this decrease was enhanced in the presence of MgSO 4.
Signalling-related gene expression in roots subjected to increasing water stress
The expression of genes potentially related to root-toshoot signalling of water stress was examined in the root meristematic (0-1 cm) and elongation (1-6 cm) regions of maize roots collected from control plants and those subjected to water stress for 7, 10, or 12 d using qRT-PCR. Firstly, based on the results of the xylem sap compositional changes under water stress and the subsequent bioassays, expression of a sulphate transporter gene, which was found to be expressed in maize root microarrays (data not shown), was analysed. Interestingly, the expression of this gene increased in the elongation region from 7 d of water stress onwards, and this increase was significantly greater than in the meristematic region 7 d and 12 d after withholding water (Fig. 6) . Secondly, the expression was examined of the VP1/ ABI gene, which encodes a transcription factor regulating ABA-responsive genes for which preliminary microarray analysis of water-stressed maize roots showed a significant change in expression. A significant increase in expression of this gene was detected in the elongation region both 10 d and 12 d after the imposition of water stress (Fig. 6) . Finally, the expression was examined of two b-glucosidases shown to increase in maize roots in response to water stress (Zhu et al., 2007) and to be involved in the release of ABA from ABA-GE in the xylem vessel apoplast of leaves (Dietz et al., 2000) and also in the cortical apoplast of roots when ABA-metabolism is inhibited Hartung, 2000, 2002) . These genes were also found to be expressed in maize root microarray analyses (data not shown). The expression of b-glucosidase (I) was significantly greater in the elongation region 10 d after water was withheld (Fig. 6 ).
Discussion
A system of progressive water stress and monitoring of physiological leaf responses was used to differentiate the Significant differences between paired treatments are indicated as *P <0.05; **P <0.01, ***P <0.001. Fig. 6 . Fold change in gene expression for a sulphate transporter, VP1/ABI3, and b-glucosidases (I) and (II) for water-stressed Zea mays plants relative to well-watered controls. Two regions of roots were analysed: the meristematic region (0-1 cm distal to the root tip; open bars) and the elongation region (1-6 cm distal to the root tip; open bars) 7, 10, and 12 d after water was withheld. One way ANOVA was performed on the mean and significant differences between the two region of the root for each day are indicated as *P <0.05; **P <0.01, ***P <0.001.
stage when chemical (as opposed to hydraulic) signals from the roots dominate (Goodger et al., 2005) . After 7 d of withholding water, a significant decrease was observed in stomatal conductance in water-stressed plants without any detectable change in xylem pressure potential, indicating that stomata are responding to chemical, rather than hydraulic signals from the roots at this relatively early stage of water stress. As water stress was prolonged to 10 d and 12 d, stomatal conductance continued to decrease significantly, but xylem pressure potential was also significantly lower, which suggests hydraulic signals could be acting on stomata in concert with any chemical signals at this later stage of water stress. The sampling of root xylem sap and root tissues at each stage was used to help elucidate the xylem-borne chemical signals that act on stomata when plants are subjected to progressive water stress.
ABA has long been considered the primary xylem-borne chemical signal acting on stomata when roots sense water stress (see review by Schachtman and Goodger, 2008) . In support of this a small, but significant increase in xylem sap ABA was found when plants first responded to water stress with a reduction in stomatal conductance-7 d after water was withheld. The results of our leaf transpiration bioassay suggest that such a small increase in ABA (i.e. 0.3 lm) in the xylem stream can be sufficient to decrease stomatal conductance in the early stages of water stress. The initial increase of ABA in the xylem sap of water-stressed plants can be due to de novo ABA biosynthesis in the roots, or alternatively, due to redistribution of existing ABA pools within roots or due to catabolism of a glucosyl conjugate form of ABA (ABA-GE) to free ABA within the roots. Each of these possibilities will be considered in the light of the results of this experiment.
Firstly, it has been proposed that increases in ABA in a particular tissue are not only dependent upon de novo ABA biosynthesis, but can also be influenced by ABA redistribution . More specifically, water stress has been observed to alkalize xylem sap in several species, and this can cause ABA to accumulate in the xylem sap and/or move from leaf and stem symplast to apoplast, even in the absence of de novo synthesis, resulting in increased delivery of ABA to stomata (Bacon et al., 1998; Wilkinson and Davies, 1997; Wilkinson et al., 1998) . In this experiment, significant alkalinization of the xylem sap was only detected 12 d after water stress was imposed. The significantly increased pH at day 12 of water stress may well cause a redistribution of existing ABA pools and therefore account for some of the marked increase in xylem sap ABA observed at this later stage.
Secondly, it has been proposed that ABA-GE may act as a signal of water stress once catabolized to free ABA by cell wall glucosidases in plant roots (Sauter and Hartung, 2002) . For example, a b-glucosidase enzyme was found to be involved in the release of free ABA in the cortical apoplast of roots and in the xylem vessel apoplast of leaves (Dietz et al., 2000) , especially when de novo ABA biosynthesis was inhibited. In the experiment presented here root b-glucosidase activity was not determined, but a small but signficant transient increase was seen in the expression of one b-glucosidase gene in roots in response to water stress. It should be noted that water stress can induce polymerization of glucosidase thereby activating the enzyme to release ABA (Lee et al., 2006) , but it has been argued that the amount of ABA-GE in roots is too small for ABA release from this conjugate to contribute significantly to the overall increase in ABA during water stress (Priest et al., 2006) .
Thirdly, the observed increase in root xylem sap ABA concentration on day 7 of water stress was not associated with a significant increase in the expression of any of the ABA biosynthetic genes examined in either region of the roots examined. By contrast, expression for the majority of the examined biosynthetic genes was noticeably increased by day 12, particularly in the elongation region of the root (1-6 cm distal to the tip), coinciding with the greatest increase in the concentration of ABA in the xylem sap. At this later stage of water stress, a significant reduction was observed in xylem pressure potential, indicative of hydraulic changes that can be manifest as cell volume shrinkage; a phenomenon observed to induce ABA biosynthesis in roots (Jia et al., 2001) . Indeed, it has recently been proposed that such hydraulic changes influence cell wall and/or cell wall-plasma membrane interactions mediated by the integrin-like protein resulting in the induction of ABA biosynthesis in maize root cells (Lü et al., 2007) .
The activity of the ABA biosynthetic enzymes was not examined directly in this study, however, our results suggest that de novo ABA biosynthesis in the roots may not be responsible for the significant, albeit small increase in xylem sap ABA observed on day 7 of water stress. In support of this, a number of recent studies have suggested an alternative or additional source to root-sourced ABA. Although gene expression or ABA levels in leaves were not measured, it is speculated that the root ABA could arise from de novo biosynthesis induced in the leaves in response to water stress and subsequent translocation to the roots from where it enters the xylem stream. For instance, it has been shown that the ABA biosynthetic enzymes AtNCED3, AtABA2, and AAO3 are localized to the leaf vascular tissues in Arabidopsis (Cheng et al., 2002; Koiwai et al., 2004; Endo et al., 2008) . It has been proposed that the ABA biosynthesized in leaf vascular tissues may be transported to stomata to induce stomatal closure directly or transported to the roots via the phloem to induce water uptake from the soil and the expression of stress-resistant genes in roots (Ikegami et al., 2009) .
In addition, a number of other studies have shown that ABA can be produced in greater amounts or at an earlier stage in leaves relative to roots, in response to water-stress (Qin and Zeevaart, 1999; Christmann et al., 2005; Ikegami et al., 2009) , and that ABA-induced stomatal closure is not dependent on ABA release from roots (Christmann et al., 2007; Holbrook et al., 2002) . In particular, Ikegami et al. (2009) found that ABA accumulated in the roots when intact whole plants were subjected to water stress, but not when detached roots were exposed to the stress. Furthermore, after the application of 13 C-labelled ABA to leaves of whole plants in well-watered conditions, the labelled ABA was detected in the roots and the amount increased after imposition of water stress localized to the roots (Ikegami et al., 2009 ). The results of these studies indicate that the ABA acting on stomata may be produced in the leaves of plants subjected to water stress and if so, other chemical signals must be produced by water-stressed roots and act to induce ABA biosynthesis in leaves.
If leaf biosynthesis and translocation to the roots is responsible for the increased xylem sap ABA in the early stages of water stress perception, then the identity of the primary long distance xylem-borne signal remains unknown. Little is known about the perception of the water stress signal by leaf cells, especially the primary sensing molecule(s) and site(s) (Zhang et al., 2004) . Other xylem sap components may be the primary long-distance signal under water stress. For instance, the results of this experiment showed a significant increase in sulphate in the xylem sap of water-stressed plants from day 7 onwards. Previous experimentation on maize has also observed a significant increase in xylem sap sulphate in the early stage of water stress (Goodger et al., 2005) . A significant increase in the expression of a sulphate transporter gene was also observed in the elongation region of the roots as early as day 7. Similarly, a study on water stress and salinity in grapevine found a plasma membrane sulphate transporter (TC47443, Q6ZZ94) was induced more than 2.5-fold by water stress when compared to salinity and was 535% of the control on day 16 of water stress (Cramer et al., 2007) . Interestingly, in Arabidopsis, the sulphate transporters AtSultr1;1 and AtSultr1;2 show similar root cell expression in the epidermis, cortex, and root hairs based on GFP fusion approaches, but the AtSultr1;2 promoter reporter construct was also expressed specifically in stomata guard cells (Shibagaki et al., 2002; Yoshimoto et al., 2002) . In this case, there appears to be an individual role for this high affinity sulphate transporter in these specialized cells, indicating a particular requirement for sulphate in Arabidopsis guard cells (Hawkesford, 2003) .
Further work is required to assess if xylem-borne sulphate, or other putative chemical signals, play a role in signalling of ABA biosynthesis in the leaves. Nevertheless, the results of our bioassay suggest that sulphate can interact with the amount of ABA present in the xylem sap, or the leaves, to enhance ABA-induced stomatal closure. It was found that sulphate alone had no effect on stomata, a result also found in a previous study using an epidermal peel bioassay of V. faba (Taylor et al., 1981) , but that it appears to act in concert with ABA to decrease stomatal conductance further. There is little information to be found on this apparent interaction of sulphate on ABA-induced stomatal closure. The related interaction between sulphur dioxide (SO 2 ) and ABA to induce stomatal closure has received more attention (Rennenberg, 1984) . For example, the stomata of plant species containing inherently higher amounts of leaf ABA (e.g. peanut and tomato) respond more rapidly to sulphur dioxide fumigation than those with inherently lower amounts (e.g. radish, perilla, and spinach; Kondo and Sugahara, 1978) . Furthermore, the application of exogenous ABA to radish leaves resulted in a decrease in transpiration rate immediately following sulphur dioxide fumigation (Kondo and Sugahara, 1978) . Given, the increase in sulphur content of plants upon sulphur dioxide fumigation appears to be the result of an increase in sulphate (Rennenberg, 1984) , the aforementioned examples may involve the proposed interaction between ABA and sulphate. With respect to root-sourced sulphate, a recent study on Prosopis strombulifera watered with Na 2 SO 4 or NaCl found sulphate was transported from roots to leaves in greater amounts than chloride and affected gas fluxes in leaflets of treated plants, possibly through influences on membrane permeability (Reinoso et al., 2005) .
Conclusion
In the early stage of water stress, the increased levels of ABA in xylem sap may not be due to root biosynthesis, ABA-GE catabolism or pH-mediated redistribution, but may be due to shoot biosynthesis and translocation to the roots. Our results suggest that the anti-transpirant effect of the ABA reaching the stomata at this early stage is enhanced by increased levels of sulphate also transported within the xylem. If de novo ABA biosynthesis in leaves is indeed responsible for the increased xylem sap ABA coming from the roots in the early stages of water stress perception, then ABA is not the primary root-sourced signal of water stress. Long term, water stress appears to induce root ABA biosynthesis, possibly in response to hydraulic changes, resulting in a marked increase in xylem sap ABA and this may be supplemented by pH-mediated redistribution of existing ABA pools. Finally, increasing levels of sulphate continue to enhance ABA-induced stomatal closure culminating in the effective shut down of leaf transpiration which may be a final response to survive water stress.
